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(57) Abstract 

A catheter comprises a catheter body (10) having a proximal end. a distal end, and an electrode array disposed near 
the distal end <12). The electrode array includes a plurality of isolated electrode terminals (18). The electrode array anda 
common electrode (16) are connected to a high frequency power supply (32) and the common electrode (16) may be located 
on the catheter, may be secured separately to a patient's skin, or may be formed as part of a movable guNftewire. By 
contacting the electrode array against a target location in the patient's body, the target location may be selectively heated, 
with the current density being contacted at the points of contact between the electrode terminals (18) and the ll f u ^. or 
stenotic material. For example, by post inning the common electrode within a stenotic region and contacting a leading 
surface of the stenotic region with the electrode array, the stenotic material can be heated by applying a high frequency 
voltage between the electrode array and the common electrode: The stenotic region can thus recanaHzed by advancing the 
distal end of the catheter body through the heated stenotic material. 
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KETOQD AND APPARATUS FOR APVAKCIgG CATHCTCTB 



10 



1. Piftid of the invention 

The present invention relates generally to the 
construction and use of catheters for interventional and 
diagnostic procedures. In particular, the present 
invention relates to methods and apparatus for advancing 
catheters through Restrictions and occlusions within body 
15 lumens and cavities. 

Atherosclerosis is a form of arteriosclerosis 
which is characterized by irregularly distributed 
deposits on the* vails of a patient's arteries. Such 
deposits frequently fibrose and calcify over time, 
20 seriously compromising the patient • s health. 

, A n umb er of catheter-based approaches have been 
developed for diagnosing and treating atherosclerosis and 
other forms of arteriosclerosis. The most common 
intentional tectaique for trMting atherosclerosis is 
25 balloon angioplasty where a balloon-ti|>ped catheter is 

introduced to the vascular system, and the balloon 
expanded within a region of stenosis. Other 
interventional techniques include atherectomy , where, for 
example, a catheter having a cup-shaped rotating cutter 
is introduced to the vascular system and used to severe 
and capture at least a portion of the stenotic material. 
Other intcorventionai techniques include laser ablation, 
mechanical abrasion, chemical dissolution, and the like. 
Catheter-based diagnostic techniques include ultrasonic 
imaging where an ultrasonic transducer disposed at the 
distal end of a vesicular catheter is introduced to the 
region of stenosis . 
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With most of these techniques, it is necessary 
to advance the distal end of the catheter at least partly 
through the stenosed region before the interventional or 
diagnostic procedure can be commenced. While such 
5 initial advancement is often not a problem, it can be 

very problematic when the occlusion is severe and little 
or no lumen remains to receive the catheter. Under such 
circumstances, it is necessary to at least partly 
recanalize the occlusion before the catheter procedure 
10 can begin. 

A number of methods for recanalizing severe 
occlusions have been proposed, including the use of hot- 
tipped catheters, laser catheters, arid drill- tipped 
catheters. In general, these approaches rely on very 

15 aggressive treatment of trie stenotic material to opei* up 

a passage, where such aggressive techniques can expose 
the blood vessel wall to significant injury, for example, 
vessel perforation, the risk of ihjiiry is exacerbated by 
the unconstrained path which the catheter can follow. 

20 An improved technique for advancing an 

angioplasty catheter into &hd optionally through a severe 
occlusions is described in U.S. Patent No. 4,998,933 (the 
entire disclosure of which is hereby incorporated herein 
by ref erence) , which has common inventorship with the 

25 present application. A f l^bt elecitrode is disposed at or 

near the "distal tip of the angioplasty catheter and a 
second electrode is provided on an electrically 
conductive guidewire. After tiie c^Idewire is at least 
partly advanced into a stenotic material, a high 

30 frequency voltage can be applied between the guidewire 

electrode and the catheter tip electrode in order to 
generate heat within the stenotic material lying between 
said electrodes. As the stenotic material is heated, it 
is softened, thereby allowing easier advancement of the 

i 5 angioplasty catheter . 

Although a substantial improvement in the art, 
the catheter described in U.S. Patent No. 4,998,933 can 
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cause unwanted shorting of electrical energy by the blood 
and blood vessel wall during the application of the high 
frequency voltage. The catheter employs a single 
discrete electrode at its distal tip. So long as the tip 
electrode fully contacts the stenotic material, the 
induced heat Mill be substantially limited to the 
stenotic material. If a portion (or all) of the 
electrode is exposed to the blood vessel wall and/or . 
blood* however, client will begin: to flow through the 
blood vessel tissue and /or blood , causing the undesired 
shorting; o£ ^ electrical, current. Moreover, since both the 
blood vessel wall and the blood have higher electrical 
conductivities than the stenotic material, they will 
carry the current art pref erence- to* the- stenotic material . 

Fbr these reasons, it . would be ^desirable to 
provide : improved apparatus^ andi methods; f or advancing 
vascular .^cat^eters^ past severe occlusions in blood 
vessels^ and ^-other ^bbdy ^lumens 1 . In particular, it would 
te'&e^Ttt^ type 
described in B^S. Patent No* 4,998,933, where the 
catheter Jfibre selectively heats the- atheromatous 
material. It would be further desirable if such 
catheters were able-' to discriminate between the 
• atheromatous mass and the bipod vessel wall 
(preferentially heating and ablating the former) so: that 
the catheter Would selectively pass through the atheroma 
as the catheter is advanced through the lumen of the 
blood vessel ,2 The catheters and methods of the present 
invention should be compatible with a wide variety of 
interventional and diagnostic devices, particularly being 
compatible with angioplasty catheters. 
2, Description of the Back ground Art 

IKS. Patent No. 4,998,933, is described above. 
European Patent Publication, 182 689 and U.S. . Patent No. 
4,754,752 describe angioplasty balloon catheters having 
means for internally heating the balloons. A "hot tip" 
catheter having a metal tip heated by a laser is 
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described in Omberlant et al. (1986) Lancet; i: 1457- 
1459. U.S. Patent No. 4,654,024, describes a catheter 
having an electrically heated, tip for melting atheroma. _ 
U.S. Patent No. 4,796,622, describes a catheter having a 
5 tip which is heated by ah exothermic reaction. A 

catheter having a high speed rotating abrasive element at 
its distal tip is described in U.S. Patent No. 4,857,046. 
U.S. Patent No. 4,709,698, describes the placement of 
: electrode pairs on the surface of a dilatation balloon to 
10 heat atheroma as the balloon is expanded. 

SUMMARY OP THE INVENTION 
The present invention provides apparatus and 
methods for localized heating of target locations within 
a patient's body, such as atheromatous mass in blood 
15 vessels, tissue, and the lifce. The method and apparatus 

are particularly useful for advancing a catheter through 
an occluded region in a blood vessel or other body lumen, 
more particularly through stenotic regions in blood 
vessels which are fully or almost fully occluded With 
20 stenotic material, catheter apparatus^ according to ^he 

present invention include a catheter body; having a 
proximal end, a distal end, a**d an electrode array 
disposed near the distal end* The electrode: array 
includes a plurality of isolated electrode terminals 
25 typically forming the distal tip of the catheter. A 

common electrode is provided and cpntaeted with the 
patient's body to complete an electrically conductive 
path with the electrode array. The common electrode may 
be disposed on the catheter body proximally of the 
30 electrode array, or may be disposed distally of the 

electrode array , typically on or as part of a movable 
guidewire. As a third alternative, : the common electrode 
may be provided as a discrete member which can be 
attached externally to the patient 1 s skin. In each case, 
35 m heating of the stenotic or other occluding material or 

high resistance tissue can be achieved by contacting the 
electrode array with the target location, e.g*, a leading 
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portion of the stenotic material. By then applying high 
frequency voltage between the electrode array and the 
common electrode, , heating of the. target location will 
result. 

5 According to a particular aspect of the present 

invention, heating is directed primarily to the target 
location by limiting the current flow through each 
electrode terminal in the electrode array. In this way, 
. more, power is applied to the high resistance (low 

10 conductivity) tissue or stenotic material relative to the 

low resistance (high conductivity.) blood and blood vessel 
wall. Current flow may be limited by active or passive 
devices, with an exemplary system employing a plurality 
of current limiting^ resistors wi.th-.at least one current 

15 limiting resistor in series with, each, electrode terminal. 

The catheter of the present invention, may be^ 
used- alone y in.; orde^^o^p^^j^:t^^et. location e.g., to, 
recanalize a stenat^regicui within a blood vessel. 
Optionally:,, the- catheter, may,- -be* ^usedu i%, combination with. : 

20 . other- interventional or diagnostic devices, in order*,to,~ 

provide a multiple step treatment and /or diagnostic 
procedure. In parti<mlar, it will be possible to provide 
the electrode array of the present invention in 
combination with or at the distal end of catheters which 

25 employ other interventional and/ or diagnostic elements, 

such as dilatation. balloons, lasers, ultrasonic 
transducers, and; the like. By employing catheters having 
such additional capabilities, the need to exchange 
catheters is reduced or eliminated. 

30 A particular advantage of catheters constructed 

in accordance with the principles of the present 
invention is that they pan be "self •guiding;- when 
introduced through a blood vessel. Since the electrode 
array heats atheromatous material in preference to the 

35 blood vessel wall, the catheter, can be , advanced without 

substantial concern over damage to the blood vessel wall. 
That is, * the path of the catheter will be preferentially 
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through the atheroma; necessarily limiting aiuaage to the 
blood vessel wall. 

The catheter of the present invention will 
preferably include a temperature measuring or sensing 
5 element near its distal tip, preferably within the 

electrode array, in order to measure the temperature at 
the interface between the electrode array, and the tissue 
or stenotic material being treated^ More preferably, a 
plurality of temperatnire mieasuring elements will be 
10 distributed through the electrode array in. order to 

n determine the temperature prof ile of the interface. 
Temperature information obtained from the temperature 
"measuring elements can be used to control' the power 
output to the" electrodes in order to control the 
15 - temperature of the stenotic material within, a desired 
u range. 

BRIE? DBBCgXPyEOH OF THE P^W^^ rf% 
Fig. 1 is a perspective view of a catheter 
system constructed in accordance with the principles of 
20 the present indention, where the- catheter includes a 

dilatation balloon. 

Fig. 2 is an enlarged view of the distal end of 
the catheter of Fig. l, shown in section. 

Fig* i is an end view of the distal tip of the 
25 catheter of Figs. 1 and 2. ^ 

Figs; 4-B illustrate the use of the catheter of 
Figs. 1-3 in the recanalization of a stenosed region 
ifithin a blood vessel according to the method of the 
present invention. 
30 Fig. 9 is a schematic illustration of a current 

limiting power supply useful as part of the catheter 
system of the present invention. 

Fig* 10 is a second embodiment of a catheter 
system constructed in accordance with the principles of 
35 the present invention. 

Fig. 11 illustrates use of the-catheter of 
Fig. 10 in the recanalization of a stenosed region within 
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a blood vessel according to the method of the present 
invention. 

Fig. 12 illustrates a third embodiment of a 
: catheter constructed in accordance with the. principles of 

5 the present invention in combination with an anchoring 

.j catheter sheath. 

Fig. 13 illustrates the use of the catheter and 
catheter sheath of Fig* 12 in the recanalization of a 
stenosed region within a blood vessel according to the 
10 method of the present invention. ^ 

DESCRIPTION OF THB PREFER*™ BMBnnTMyyfy 
: This invention provides a method and apparatus 
for : selectively heating a target location within a 
patient's, body , such as solid tissue, a body lumen, or 
15 the „like> particularly including atheromatous material 

which partially or fully occludes a blood vessel or other 
body lumen. In addition to blood vessels, body lumens 
which may be treated by the method and apparatus of the 
present invention include the; urinary, trjapt (which for 
20 : example may be occluded by an enlarged prostrate in 

: jaaj.es),, the fallopian tubes (which may be occluded and 
cause : infertility) ,^and the liXe. For convenience > the 
remaining disclosure will be directed specifically at the 
treatment of blood vessels but it will be appreciated 
2 ? that the apparatus and methods can be applied, equally. 

. well to other body lumens and passages. 

The stenotic material in blood, vessels will be 
atheroma or atheromatous: plaque, and may be relatively 
soft (fresh) or may be in advance stages; of . 
atherosclerosis and hardened . The present invention uses 
^uv electrode array including a plurality of independently 
controlled electrodes distributed over the distal portion 
of a catheter to apply ; heat selectively to the stenotic 
material while limiting the unwanted heating of the blood 
and/ or surrounding vessel wall. Since the atheromatous 
mass in the occluded blood vessel is preferentially 
heated and softened relative to the vessel wall, the path 
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of the advancing catheter tip will be naturally confined 
in the lumen, away from the blood vessel wall. The 
electrode array will usually include at least two 
elec^ode terminals, riore usually at least 20 electrode 
5 terminals, and preferably at least 36 electrode 

terminals, or more. As a result, the stenotic material 
is selectively Softened, or weakened^ permitting 
advancement of the catheter to recanalize the blood 
vessel lumen. Accordingly , this invention provides a 

10 method and apparatus for effectively penetrating a 

partially :-lbr totally o^Iuded blood Veisse^ by 
simultaneous ly applying both (1) heat to the stenotic 
material surrounding the tip of the catheter and (2) 
pressure against the heated stenotic- Btaterial using the 

15 ■ o- ■ catheter itself optionally > subsequent recarializatioi* 
procedures may be performed using either the same or a 
different catheter. 

" The present invention includes a keans fo^ 
- guiding the; catheter along a pathway approximating - €he 

20 celati^i region^ of the occluded blood vessel- The guiding 

meahs is usually an electrically conducting 'Wire that 
contains or serves as a common electrode for the heating 
t;- - Meaiis. the guiding means is extendible from the tip of 

the catheter ahd is located within and concentric to the 

25 catheter conveniently being in the form of a movable or 

fixed guidewire, usually being a movable guidewire* The 
electrode array is diisposed ; proximally to the common 
electrode and positioned on or near the tip of the 
catheter. 1 

30 Each individual electrode in this array is 

electrically insulated from all other electrodes in the 
■ > array and is connected to » its own power source or 

connection which limits or interrupts current flow to the 
electrode When low resistivity material (e.g* blood) 

35 causes a lower resistance path between the common 

electrode and the individual electrode. The tip of the 
catheter is thus composed of many independent electrode 
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terminals designed to deliver electrical energy in the 
. vicinity of the tip. The selective heating of the 

stenotic material is achieved by connecting each 

.... . ^ 

individual electrode terminal and the common electrode 
(e.g. on a guidewire) to an independent power source, . 
... /which may. be a substantially constant current power 
spurge. The application of high frequency voltage 
between the common electrode and the electrode array 
results in the conduction of high frequency current from 
each, individual electrode terminal to the said common 
electrode. The current flow from each individual, 
qlectrpde terminal to the common electrode is controlled 
: b^. either, active or passive means, or a combination 
thereof to selectively heat the stenotic material while 
: , minimizing the undesirable heating of the blood or the ;] 
vessel wall. 

? This , invention: stakes, advantage, of r .the 
dJLf f^erences. in electrical resistivity between the 
, ^^ptij^ material/ (atheromatous, mass) , blood r and blood 
vessel wall. - By, yay of example t for any selected levea 

a EPli e < i vYPltaSF©* /the electrical conduction path 
between the common electrode (e.g. guidewire) ,and one of 
the individual electrode terminals within the electrode 
s array- is Jblood or blood vessel wall (-each haying a 
relatively low- electrical, resisftivity) ^ said current 
control means connected to individual electrode will 
, . lijnit current , flow so that the heating of intervening 

blood or blood vessel wall is minimized. In contrast, if 
the electrical conduction path between the common 
... electrode and one of the individual electrode terminals . 
within the electrode array is atheromatous mass (having a 
relatively higher electrical resistivity) , said current 
.control means connected to said individual electrode will 
allow ^current . flow sufficient for the heating and 
subsequent thermal softening or weakening of the 
, intermediate atheromatous mass. 
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The application of a high frequency voltage 
between the coBiifion electrode and the electrode array for 
appropriate intervals of time substantially weakens the 
selectively heated atheromatous mass, allowing the 
catheter to piehetrate and pass through the obstruction, 
thiis recanalizihg the blood vessel* Once th<e partially 
or fuliy occluded blood vessel has been opened to allow 
passage of the catheter , the catheter can be advanced to 
position a dilatation balloon (or other interventional or 
diagnostic element) within the occluding material. The 
dilatation balloon can then be used for angioplasty 
treatment ift a substantially conventional manner. 

Direct (Jouliah) heating of the stenotic 
material by conduction of high frequency current softens 
the material over a distributed region. The volume of > 
this distributed region is precisely controlled by the - 
geometrical separation between the common electrode (e.g. 
the: guidewire) and the electrode array. The rate- of r 
heating of the stenotic material is controlled by tBe 
applied voltage level. The use of high frequency current 
for Joul iari heating also minimizes induced stimulation of 
muscle tissue or nerve tissue in 'the vicinity of the mass 
being heated. In addition, high frequencies minimize the 
risk of interfering with the natural pacing of the heart 
' in circumstances where taie catheter of the present 
invention is used in the coronary arteries. 

The power applied tb the common electrode and 
the electrode array will be at high frequency; typically 
between abbiit 50 kHz and 2 MHz, usually being between 
about 100 kHz and 1 MHz, and preferably being between 
about 200 kHz and 400 kHz. The voltage applied will 
usually be in the range frtna about two volts to 100 
volts, preferably being in the range from about five 
volts to 90 volts, and more prefer ably being in the range 
from about seven volts to 70 volts. Usually, the voltage 
applied will be adjustable, frequently in response to a 
temperature controller which maintains a desired 
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temperature at the interface between the electrode array 
and the stenotic material. The desired temperature at 
the iiitierface between the electrode array and the 
stenotic material will iiSdaliy v be v in the range from about 
5 38°c to iOO # C # more usually firoifc about 38»C to 80°C, and 

preferably from about 40*0 to 70 *C. 

A particular advantage of £he present invention 
is that the heating means cah be cbnf igxiireri to a wide 
range of catheter sizes appropriate to the particular 

10 size of the occluded blood vessel or other l>ody lumen or 

cavity being ^ecanaliz6d, typicaily ih the range of 
diameters from 6.04 to 0.4 ihdti^^ The present invention 
can also incorporate a ^ibivif e which can function as 
bbth a riearis f or controlling and - Riding the path of the 

15 " cktheteif in the conventional mafiner, a^ veil as to 

concentrate the thermal poWier dehsity dissipated directly 
into th§ steribtic material- by serving as the common 
ele^ode. 1 " ; 

■y i yy., Thk T rpp^Bti:^:ip^er sburce of the present 

20 i^entibn c^ delivts^r a Eg^fe^eftb? Vdltige selectable 

to generate power levels rangiriij: ffom several milliwatts- 
to 50 watts, depending on siie of the stenotic 
material t>eing heated, the size of the blobd vessel being 
recanalized, and the rate of a&Vahcemerit bf the heating 

25 means through the stenotic ^material . Thcr power source 

allows the user td select the vbltage level according to 
the specif ic rec|tiirements of a particular angioplasty or 
othW procedure . 

The power source will be current limited or 

30 otherwise controlled so thait uhdesired heating of blood, 

blood vessel wall, and other- low electrical resistance 
matferiSis does not occur . In the exemplary ejnbodiment 
described below, current lii^tirig resistors are placed in 
kferies with eSch independent: electtbdb, where the 

35 resistor is •sizwi* to prbvide an at least equal, and 

preferably ^feat^t, resistance ttan ^ould normally be 
provided by the stenotic material. Thus, the electrode 
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. ... $ees a substantially constant current source so that 
. ... power dissipation through a low resistance path, e.g. 
^ . blood, will be substantially diminished. 

As an alternative to the current limiting 
5 resistors, a controlled power supply may be provided 

which interrupts the current flow to an individual 
electrode in the array when the resistance between that 
electrode and the common electrode falls below a 
threshold level. The control could be implemented by 
10 . .placing a switch in series with each electrode, where the 
switch i?r ; turned ,on and off based on the sensed current 
flow through the electrode, i.e. when the current flow 
exceeds a preselected limit, the switch would be turned 
off. The current limit could be selectable by the user 
15 and preferably would be preset at the time of manufacture 

of the power source. Current f low could be periodically 
sensed and reestablished when the stenotic material 
resistance is again present. Particular control system 
designs for* implementing this strategy are yell witiEtn 
20 the skill in ttie art. 

In an 7 exemplary embodiment as shown, in 
Figure l, a catheter 10 includes a gpidewire 16 which 
functions both as a means for guiding the catheter into 
. the intended position, as well as a ccaion electrode. 
25 . The entire guidewire may be an electrode> or it may 

; contain an electrode. Referring to Figures 1 and 2, the 
catheter 10 also includes an array of electrode 
terminals 18 disposed on the distal tip 12 of the 
catheter 10. Tfie electrode terminals 18 are electrically 
3Q isolated from each other and from the common electrode 

- 16. Proximally from the^tip 12, the catheter 10 includes 
a cpnventionaJL dilatation (angioplasty) balloon 20 
generally concentric with t$e sh<*ft of the catheter 10. 
Still referring to Figures 1 and 2 , each of the terminals 
35 18 is connected to the^ impedance matching network 22 by 

means of the individually insulated conductors 52 . The 
proximal portion of the catheter 10 is also equipped with 
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the fluid port 24 communicating with balloon 20. The 
guidewire is axially movable in. an electrically 
insulating guidewire lumen tube 46, said lumen tube 46 
being contained in, and concentric to, the catheter 10. 
5 The proximal end 42 of the guidewire is sealed against 

fluid leaks by a fluid seal 28 ♦ The proximal portion of 
the catheter 10 also has a connector 26 fqr providing the 
j electrical connections to the matching network 22. 

A power source 32 provides a high fr«iuency 

10 voltage to the electrode teriniriacls 18 by means of a cable 

38. collectable to the ^ coraec^r, 26^ The power source i2 
has, a controller 34 to change the applied voltage level 
as well as a selector 36 for selection of the highest 
temperature at. the tip 12 of the catheter 10 during its 

15: ^ ^ use, as explained later. Fi^lly, the proximal portion 
of the guidewire electrode 42, is ,cor^Dectetd Jtp^ the power 
source 32, by a detachable copnectqr- 30 and> cable 40. 

In thf>_ **T»Hr^4wi<»Titi .^hovn in Figures X, 2, and 3, 
temperature^ensors ^.^avzure^proyi^ed in the distal tip 12 

20 9« the, catheter 10, typic^ly ^ (e - g - 

chrpmel and alumel) Said temperature sensors 48 and 
connected ;to , the power; source -32 by thermocouple, wires 50 
extending the length of the catheter 10 and py . the cable 
38 connected through the connector. 26~. The temperature 

25 sensors 48 at ^,t^42 of the c^liheter 10 are connected 

to a feedback control system in power source 32 to adjust 
the power output $?o that the user ; selectable teiiqperature 
is not exceeded during the usef of the carter in 
recanalization of an occluded blood vessel. Power output 

3.P-: , could : k» controlled by any ^ «)nyegritic>nal technique, such 
as control of voltage , current, duty cycle, or the like. 
The selectable temperature, is selected, by the user by 
adjusting selector 36 provided in the power ^ource 32. 
r /tef erri|ig[,.to Figure 2, the distal £ip 12 of the 

35 catheter 10 of the pref ffr^d en*^ the 

exposed terminals; Of the electrode terminals 18 and the 
temperature sensors 48. The terminals 18 and temperature 
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sensors 48 are secured in a Matrix of suitable insulating 
material {e.g. epoxy) 54 and formed in a generally 
tapered or h^s^herical shape, preferably being a 
conical or "nose cone" configuration: Proximal to the 
5 tapped tip XT, fchfe temperature sensor wires 50 and 

electrode wires 52 aria contained in a jacket 44 of 
cylindrical shape covering the length of the catheter 10. 

end vi£w of the catheter 10 at the tip 12 is 
illustrated in Figure ;*3. Referring to Figures 2 and 3, 

X0 electrode terminals 18 aire electrically insulated from 

each other and from te^jperature sensors 48, and are 
secured tog^ttifer iri a: bundle by the electrically 
insulating ^te&Ial 54. Proximal to the tip 12, the 
thermocioiipie wires 50 and electrode wires 52^ are 

15 Contained in a suitable jacket 44 of cylindrical shapeJ 

cbver/ing the* length oi the catheter 10. The central 
portion of the catheter 10 contains the electrically 
insulating guidewire lumen tube 46 which provides -a* lumen 
for the guidewire 16. The distal lend of thfe said ttibe 46 

20 optionailiy extends beyond the tip 12 to provide a tip >* 

offset 14. The intended purpose of said tip Offset 14 is 
to provide a minimum separation between the said common 
electrode on guidewxret 16 and array of electrodes 18, 
usually being at l^st 0.02 inches, mbre usually being at 

25 least 0.15 inches, arid sometimes being 0^25 inches or 

greater. 

Figure 4 illustrates how the catheter 10 can be 
applied to recanaliz^ a blood vessel 56 occluded with an 
atheromatous plaque* 58. In this case, the guidewire 16 

30 is first advanced ±o the site of the atheromatous plague 

58 , and the catheter 10 is then moved over the guidewire 
16 to contact a leading ddge of the plaque. Next, the 
guidewire 16 is advanced through the plaque 58 under 
fluoroscopic guidance, exposing a length 60 of the 

35 guidewire which is ielectrlcally conducting* 

Referring next to Figure 5, the distal tip 12 
of the catheter 10 comprising the array of electrode 
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terminals 18 is urged against the atheromatous plaque 58. 
A high frequency voltage is applied between the common 
electrode on guidewire 16 and each of the electrode 
terminals 18. The resulting electrical current flows 
between the said, common electrode 16 and , the electrode 
terminals 18 through the atheromatous plaque 58 r as 
illustrated by current flux lines 62 ? Due to the 
electrical resistance of the- atheromatous r plaque 58 ,- the 
localized current flow heats the -plaque 58 in a zone 64. 
The localized heating is adjusted by varying the level 
and, ^duration of the high frequency voltage. . 

The . tip offset 14 maintains a miniT^tm distance 
between the. electrode 18 and the common electrode 

. (guidewire) 16. The zone of -heating 64 within the plaque 
-..-58. is defined by the boundary of.. the ;currcmt. flux lines 

•;.62. The atheromatous plaque material softens in the 
heated zoner,64^^ 

adyaoeemeat^pf; the^ca heated 
rone • ^ s^d^m>y^ms^^^^^^ip 12 effects .the 
v: displacement of the plaque material, thereby - r ecanaliz ing 
(creating an opening through) the previously; occluded 
: blood vessel 56> The: catheter ip is advanced through the 
softened plaque until a channel is created in the 
. occluding mass.. The catheter < 1Q is. withdrawn leaving a 
vessel recanali^ed allowing an improved flow of blood 
therethrough. ~. ..... 

. After the catheter 10 : has been advanced through 
,the heated plaque, if necessary, the balloon 20 can be 
inflated with -appropriate fluid to appropriate pressures 
to effect conventional angioplasty. 

There are situations where a guidewire cannot 
, T -be . completely advanced . across, a stenosed region 58 , as 
illustrated in Figure. 6* In such cases, the common 
electrode (guidewire) 16 is partially penetrated into the 
. atheromatous plaque 58* to the extent possible. The 
array of electrodes, 18 is contacted against the wall of 
plaque 58 • , and the tip offset 14 creates a minf^nn 
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spacing between the common electrode 16 and the electrode 
array so that some heating of plaque will occur. The 
catheter 10 and the common electrode 16 can then be 
alternately advanced until a channel is created through 
5 the entire region of plaque 58 ». Once again, 

conventional balloon angioplasty can be performed once 
the balloon 20, in its deflated position, has been 
advanced across the plaque 58 1 . 

A central aspect of the -present invention is 

10 the ability of the catheter 10 to deliver electrical 

eneargy effectively only to the intended areas, i.e. the 
atheromatous material, and not to the blood or the blood 
vessel. Such directed energy transfer results in 
selective heating of the atheromatous material which 

15 allows the catheter to be H self ^guiding" as described - 

above. When the tip 12 of the catheter 10 is pressed 
against a region of stenotic material, some of the 
electrode terminals 18 will be in contact with atheroma , 
while other electrode terminals may be in coxitact with 

20 blood, and ye£ others may be in contact with the blood 

vessel wall. These situations are illustrated in Figures 
7 and 8. Each of the electrode terminals 18 experiences 
an electrical impedance which is characteristic of the 
material which is disposed between the individual 

25 electrode terminal and the common electrode* The present 

invention takes advantage of the fact that the electrical 
resistivity or typical atheroma is higher than that of 
blood or blood vessel Vail. Thus, if the current passing 
through each of the electrode terminals 18 is limited to 

30 a substantially constant valtie, the regions of higher 

electrical resistivity will generate more Joulian heating 
(power « I 2 R> where I is' the current through resistance 
R) than a region of lower electrical resistivity. 
Therefore, the atheromatous plaque of the stenotic region 

35 will be selectively heated up while the blood and blood 

vessel wall will experience a mini mal rise in 
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temperature. Thus, the catheter will selectively advance 
through the atheroma which has .been heated and softened. 

The heating selectivity of the present 
invention is accomplished by selecting the electrical 
5 resistance of the various . components which' comprise the 

pathway of the electrical current :6 2 between the common 
electrode (guidewire) 16 and each of the electrode 
terminals 18 in the electrode array located ~at the tip 12 
of the catheter ip> By way of example, the electrical 
rd reisjEs^tivity of blood at body temperature is in the range 

? from 148 to 176 Ohm-cm at a frequency up to 120 kHz 

(Geddes et ali (1967) Hed. Biol. JEng- 5:271-293). The 
electrical resistivity of human cardiac and skeletal 
muscle (which approximates the, structure : of. the. blood: 
15 vessel wall) is in the range of loa to 456 Ohm-cm at 

frequencies in -the range 100 to. 1000 kHz.: (Geddes et al. 
(1967)', supra}\ - ; 

: iri : CO nt^aist> atheromatous mass generally 
resembles f at-like^ddposits^and^ contains^chplesterol;- 
20 lipids, and lipidophages. Basted on its primarily fat* 

like composition, the atheromatous mass has a relatively 
high electrical resistivity as compared with blood. The 
~ electrical resistivity of fat^like substances in human 
h£s^ been reported in the range of 1,000 to .3*000 Ohm-cm 
is at frequencies ranging from 100 to 1 , 000 kHz (Geddes et 

ail. ? (1*67) r supra) i This invention utilizes the 
inherent two to ten fold difference in electrical 
resistivities to selectively heat the atheromatous plaque 
in a blood vessel . 
J©^ > Each of the electrode terminals 18 is connected 

to an individual source of current by means of wires 52. 
A current limiting network providing the controlled or 
constant current, as described above, is. contained in a 
junction box 22. The network can be composed of either 
35 . . active or passive electronic components to perform its 

intended function. By way of example, and not intending 
to limit the scope and spirit of this invention, a 
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network composed of passive circuit elements, i.e. 
resistors , is illustrated in Fig; ft. Referring to 
Figs . X, 2, and ; 9 , a : constant current network 22 consists 
of a multiplicity of resistors 72 which are same in 
5 number as the electrode terminals 18 . Each resistor is 

connected between a power source 32 (by the connector 26 
.\. and cable 38) and the corresponding electrode terminal 18 
(by wire 52) . The current will be maintained 
substantially constant so long as each resistor impedance 
10 is sufficiently higher than the load impedance. Suitable 

resistor values will be in the range from 500 n to 
50 , 000 n, usually being in the range from 1,000 n to 
f 25,;000 n r preferably being in the range from 3,000 n to 
15,000 

15 - Still referring to Figs, l and 9, each 

electrode terminal 18 is connected to a load represented 
by the atheroma, blood, or blood vessel wall. More 
specifically, the load impedance 74 of the atheroma^ is 
: designated by A, /the load impedance 76 of blood is 

20 denoted by B, and load impedance 78 of vessel wall is - , 

denoted by ».< respectively* As the current passes through 
these components, it is received by the common electrode 
(guidewire) 16 which is in turn co^nnerted to the power 
source 32 by connector 30 and cable 40. The level of the 

25 current flowing in the circuits, is controlled by the ■ 

voltage applied between the proximal end of the resistor 
network 22 and the common electrode (guidewire > 16. 

The expected power delivered to each of the 
loads (i.e. atheroma, blood, and vessel wall tissue) can 

30 be calculated based on exemplary values for the different 

: parameters as enumerated below: 

Catheter diameter (5 French), D 1.66 mm 

Number of Electrodes Terminals 18 , n 60 
35 Sire of the electrode 18 tip, d 0.004" dia. 

Resistance of the network resistor 72, R 10,000 Ohms 
Impedance 74 of atheroma, A 3,000 Ohms 
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Impedance 76 of, blood, B . 200 Ohms 

Impedance 78 of vessel wall, W 500 Ohms 

Applied voltage from source 32 W: 40 Volts, RMS 

5. Calculated power dissipatipn per electrode in: 

Atheroma 28 milliwatts 

Blood 3 milliwatts 

Vessel Wall 7 milliwatts 

10 • ..." ■ calculating power (I 2 R) from the above, the, 
-x power dissipation in tbe atheromatous plaque is 

aroroxiawately- ten times that in blood and four times that 
> in blood vessel wall respectively- Taking into account 
V thereat -capacities^ 
15 temperature in the atheromatous plaque will, be 

considerably greater than in the bipod or blood vessel 

:: . - Waller 

: r - . The desired temperature r rise of the 
ath^pMtousv^plaqu^ to,^e 

20 of the -order af v 10 0 to 60«. M*8j&*jm- the. above 

calculation, a 10» to ,(SQ:*C increase in the temperature of 
the atheromatous plague using the aiyay?itus and method of 
the present invention will, result in_a corresponding rise 
of, blood tei^>erature in the range of 1»C to 6*C caused by 

25 . the>current f lowing directly through tie bloods 

, Once a sufficient temperature rise is 
accomplished in the atheromatous plague,. t&e mechanical 
-strength of the said mss is substantially reduced in the 
localized region suwounding the, tip 12 pf the catheter 

30 io ir This allows the qatheter 10 tp be advanced 

incrementally through the plague by applying a 
longitudinal force on thff portions^ of ithe catheter 10 
external to the patient- This f prcta is transmitted along 
the length of the catheter ,10 tp the tip region 12 to 

35 create a rboring ^ pressure? sufficient to penetrate the 

plaque 58* As the blood vessel wall is not equivalently 
heated or softened, the catheter will preferentially 
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advance through the plaque 58 following a path of its own 
creation. 

The method of eonl^olling t*e hctatingjjy the 
thermally assisted angioplasty catheter of this invention 
can aldo be accomplished by temperature feedback: control 
mechanism. The t em perature of the atheroma in contact 
■with the tip 12 is sensed by temperature sensing elements 
such as means of thermocouple pairs (Fig* 3 ) 48 . A 
feedback control loop contained in the power source 32 
allows the adjustment of the necessary voltage applied so 
that the required temperature rise in the atheroma is 
accomplished . Conversely,- f by continuously monitoring the 
temperature of the atheroma being heated* the appropriate 
Voltage level is ; continuously- maintained such that the 
user-selected temperature is never exceeded. * 

While the above description provides a full and 
complete disclosure of a preferred embodiment of thpe 
invention , various modifications, alternative ^ 
ctinst±ab££m equivalents iay be employed. For 

example, the jibber could be communicated to the 
electrodes by wires imbedded in the catheter wall . Also, 
the temperature sensing may be achieved using fiber 
optics with infrared Sensing technique a thermocouple, a 
thermistor or btfier temperarure seeing means. 
Alternatively, by proper selection of metals used for 
(1) multi^libity of electrodes and leads (e.g. 
Cbnstantah) ahd (2) guidewire (e.g. steel) , each 
individual eledrtrode can function as a thermocouple in 
conjunction with the singular guidewire. The measurement 
of the direct cxiirrent voltage between the guidewire and 
the miiltiplicity of electrodes indicates the maximum 
temperature which occurs at any location on the catheter 
tip. This information can then be used in the feedback 
control lickip a£ described above to assure an improved 
safe upper limit on the operating remperature during the 
tise of'thfe apparatus of the present invention. 
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A more preferred embodiment: of the catheter of 
this invention is shown in Fig. 10. In this embodiment , 
the catheter 80 is substantially similar in construction 
to that of Fig. 1 K except that a second electrode 82 is 
provided for on the body 84 of the catheter shaft instead 
of the guidewire being the second electrpde. During use 
of the catheter 80 in therapy, this second electrode 82 

; : . w is intended to be in electrical contact yith the blood in 
the artery* The location of the second electrode 82 is 

10 shown to be near the proximal^ end of Jthe catheter 80 , put, 

could $ls9 be disposed . more distally. 

Still nef erring to Fig. 10, guidewire 86 is 
connected to the current-limiting circuitry in power 
source , 94 in a manner similar .to the el^crtiical 

15: _ connection of:, tip electrodes . 90. During, use of the 
. c, - catheter. 90 , the guidewire, 8 6, becomes . an additional 
elecfc^^^yypr^ other tip 

electrodes. In thiaeiftbodiment no off set between the 
guidewire 86>aiwi ^e; el^ode. a^ay is r^juixed.. 

20, -i Referring now to Fig i 1.1 f the .^ttoeter 80 is 

advanced over the guidewire 8,6 to . the site qif a total 
, occlusion: 88 in the ^rtery 89. Th& e^ecr^pde array 90 
and the guidewire 86 are connected tp the: pqwer source 94 
{Fig. : 10),* and the. second electtpde 82 is connected to an 

25 .opposite -..polwi^ -Iterminal.of the power source- By 

applying power to the electrodes 90 and 82, current flux 
lines 92 are formed and distributed in the occlusion 88. 
.. The highest current density, exists at the immediate 

vicinity of the . tip electrode array 90, _ thereby producing 

310,-. mayjimrHi heating of the atheroma in contact with the 

catheter tip. A return path for the electrical current 
from the tip electrodes 90 to the second electrode 82 is 
defined through the bipod in the blood. vessel, the blood 
vessel wall, and/ or the surrounding tissue. However, the 

35 current is most likely to flow through the blood and 

blood vessel wall as these coaqponents have much lower 
resistivity as compared to other body tissue. The second 
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electrode 82 is designed to be long with a large surface 
area to ensure low* density of current flux lines at said 
second electrode. 

As the current passes through r the temperature 
5 of the occluding material 88 is raised, thereby softening 

the occlusion. The catheter 80 along thfe guidevire 86 is 
advanced through this softened atheroma uiitil the vessel 
is recanallzed. A final recanalizatldh step can then be 
performed by balloon dilatation or other currently 

10 available therapeutic techniques. 

It is understood that the plaque in the total 
exclusions can be dense and somewhat hard to push a 
catheter through even though it is heated. In order to 
facilitate the mechanical advancement of the catheter 

15 through the plaque, another embodiment of the catheter 

system of the present invention is illustrated in Fig. 
12. The catheter 10 of Fig. 1 or catheter 8 o of Fig. 10 
is placed in a sheath catheter 96. The distal end of the 
sheath catheter 96 includes one or a pliirality of 

20 expanding means .98, such as inflatable balloons. The 

proximal end of the sheath catheter 96 includes the 
necessary blood scaling means and balloon expanding 
ports. The shaft of the sheath catheter 96 includes the 
necessary lumen (s) for expanding said balldoh(s) 98. 

25 J The purpose of the sheath catheter. 96 is to 

provide in anbhor for the main catheter io "or 80 while in 
use. Specifically referring €o Fig. 13 r the catheter 
system (comprising of the sheath catheter 96 and the main 
catheter 10 or 80) is advanced to the site of the 

30 occlusion 102 (Fig. 11) . The balloon (s) 98 are inflated 

and the sheath catheter 96 is thus anchored in position 
in the blood vessel proximate to the occlusion. The main 
catheter 10 or 80 is then advanced inside- the sheath 
catheter 96 against the occlusion 102. The main catheter 

35 tip 90 is then energized f and further advanced through 

the softened atheroma. The sheath catheter 96 with 
inflated ballobn(s) 98 thus serves as an anchoring means 
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assisting in the advancing of the main catheter 10 or 80 
through the occlusion 102. 

Although the foregoing invention has been 
describe^ in detail for purposes of clarity of 
understanding, it will be obvious that certain 
modifications may be practiced within the scope of the 
appended, claims. 
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1. >A cktbeter system comprising: 

a catheter body having a proximal end and a 
5 * distal end; 

an electrode array disposed near the distal end 
of the catheter body, said array including; a plurality of 
electrically isolated electrode terminals disposed over a 
contact surface; 
10 a common electrode; and 

means for applying a high frequency voltage 
between the electrode array and the common electrode, 
wherein current flow to each electrode terminal is 
individually controlled in response to changes in 
15 impedance between the electrode terminal and the common 

electrode* 

2. A catheter system as in claim l, wherein 
the common electrode is disposed on the catheter body 

20 proximally of : the electrode array* 

3. A catheter system as in claim 1, wherein 
the common electrode comprises a wire extending distally 
from the catheter body. 

25 

4. A catheter system as in claim 1, wherein 
the common electrode comprises means for external 
attachment to a patient 1 s body. 

30 5. A catheter system as in claim 1, further 

comprising an interventional element disposed proximally 
of the electrode array oh the catheter body. 



35 



6. A catheter system as in claim 5, wherein 
the interventional element comprises a dilatation 
balloon* 
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7. A catheter system as in claim 1, further 
comprising means for measuring temperature disposed near 
the distal end of the catheter body . , 



.5.. 8. A catheter system, as in claim 7, wherein 

the means for measuring temperature comprises a plurality 
of temperature sensing elements disposed within the 
electrode array. 

10 a. A catheter system as in claim' 7, whereby 

thfe Beans for apglyijjg the h^h frequency voltage 
comprises means for cpnteollojig:- the voltage, based on the 
temperature sensed by the temperature sensing means. 

15^ - , : ••'lQ.v. A: -catheter system as in claim r, further 

comprising means for individually limiting, current flow 
through each electrode terminal in order to control 

• /-CUrX^pt-ilOW^-v ;- ^ ^^^>;r7;vv^; 

20 11. ... A ; catheter - system > as in, claim 10, wherein 
the means for limiting current £lpw comprises a plurality 
of current limiting resistors located within the catheter 
body, with at least one resistor connected to each 
electrode terminal. = 

12 .x A patheter^ system as . in claim 10 , wherein 
the means for limiting current flow comprises a plurality 
: of current ilMti^g resistors located within the voltage 
applying means, , yit& at least one resistor connected to 
30 each electrode terminal* 

,13. A catheter system as ip claim 1, wherein 
the contact surf ace is a tapered .STurfacei at the distal 
end of the catheter body. 



14. A catheter sy^tgs as in claim 13, wherein 
the tapered surface is of nosecone configuration. 
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15 . A catheter comprising : 

a catheter body having a proximal end, a distal 
end, and a guidewire lumen; 

an electrode array disposed near the distal end 
5 of the catheter body, said array including a plurality of 

isolated electrode terminals disposed over a contact 
surface; 

means for connecting the isolated electrode* 
terminals to a high frequency power supply; and 
lb a plurality of current limiting resistors , with 

at least one resisted connected in series between each 
electrode terminal and the power supply. 

16. A catheter as in claim 15, wherein the 
1$ current limiting resistors are disposed in the catheter 

body. * v 

17. A catheter as in claim l5> wherein the 
current- limiting resistors are disposed in the high 

20 frequency power supply and a plurality of conductors &re 

disposed in the catheter bbdy for connecting the 
resistors to the power supply. 

18. A catheter as in ClaiA 15, further 

25 comprising an interventional element disposed proximally 

of the electrode array on the catheter body. 

19. A catheter as in claim Id , herein the 
interventional element comprises a dilatation balloon. 

20. A catheter as in claim 18, further 
comprising means for measuring temperature disposed near 
the distal end of the catheter body. 



30 



35 



21. A catheter as in claim 20, wherein the 
means for measuring temperature comprises a plurality of 
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temperature sensing elements distributed within the 
electrode array. 

22. A catheter as in claim 15, further 
3 . _ comprising a movable guidewire slidable disposed within 
the guidewire lumen, wherein said guidewire is 
electrically isolated from the electrode array and 
includes a common electrode and means for. connecting the 
common electrode to a high frequency power supply. 

23.. A catheter as in claim 15, further 
comprising a common electrode disposed on the catheter 
body proximally of the electrode array. 

, 15 t 24. . A catheter a|. in, claia ; lS^wherein the 

c^ limiting resistors have a resistance in the range 

from 500 n to 5o # ooo n. : 



10 



20 



25 



— rtr •/ * rP^^^^^ i?l claim 15 * wherein the 

^eqtrpde array i? disposed o^er a, tapered ^surf ace ai^ the 
distal ^id of the catheter bpdy . 

26. A catheter as in claim 25 r wherein the 
tapered surface is of nosecone configuration. 



. 27 . , A catheter, system comprising 

a catheter guide having a proximal end, a 
distal end, a lumen therethrough, and a common electrode 
disposed on an exterior distal surface; 

30 a catheter body disposed within the lumen of 

the catheter guide, said catheter body having a proximal 
end, a distal end,, and an electrode array disposed over a 
contact surf ace at the distal end, said electrode array 
including a plurality of electrically isolated electrode 

35 terminals; and 
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means for individuaily connecting the electrode 
terminals to a high frequency power Supply along isolated 
high impedance conductive paths; 

whereby the common electrode and the electrode 
5 array may be connected to a high frequency power supply 

to efficiently deliver energy to a patient surface 
contacted the electrode arracy and electrically exposed 
to the coanfton electrode* 

10 28* A catheter system as in claim 27, wherein 

the catheter guide comprises an inflatable balloon 
disposed near its distal end. 

29- A catheter system as in claim 27 , further 
15 comprising a guidewire received in a guidewire lumen in 

the catheter body # wherein the guidewire is electrically 
coupled to the electrode array* 

30. A catheter system as in claim 27, wtferein 
20 the means for coimectih^f comprises a plurality of current 

limiting resistors connected iii parallel between the 
individual electrode terminals and a common pole of the 
power supply . 

25 31. A catheter systems as in -claim 30, wherein 

the current limiting resistors are disposed in the distal 
end of the catheter body. 

32. A catheter system as in claim 28 , wherein 
30 the contact siirface is tapered. 

33 . A catheter system &s " in claim 32, wherein 
the tapered surface is of nosecbne configuration. 



35 



34. A method for applying energy to a surface 
in a body lumen, said method comprising: 
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contacting the patient with a common electrode; 

positioning the catheter within the body lumen 
so that an electrode array including a plurality of 
isolated electrode terminals contacts the surface; and 
5. : : applying high frequency voltage between the 

common electrode and the electrode array, wherein current 
flow through each electrode terminal is individually 
controlled;. 

whereby the surface is heated by the flow of' 
10 . current between individual electrode terminals which , .. . 

.... contact the, surf ape and .the com 

35. A method as in claim 34 , wherein the 
common electrode is contacted, as part of a guidewire . 

36., A method - as ±11. cljaim.; .37 # w . wherein the 
catheter is positioned over th^ guidewire. 

.***7**^wf&*fk ajS4^'CXjd^ % 34# wherein the 
20 common -elecj^ode - is. : contapt^<^ against ^t^.e .pat; lent. *,s- sJcixi • - 

38* A method as in claim ?4 r therein the 
common electrode is disposed within the body lumen to 
form a conductive path through a fluid within the body 
25 lumen. 

39. A method as in claim 34 , wherein the high 
frequency voltage is in the range from 50 XHz to 2 MHz 
and the voltage is in the range from two volts to 100 
30 volts. 

40- A method as in claim 34, further 
comprising measuring temperature at an interface between 
the electrode array and the surface region. 

35 
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4x1 A method in claim 40, further 
comprising controlling the applied voltage based on the 
measured interface temperature. 

5 42. A method as in claim 34 , wherein the body 

lumen comprises a blood vessel and the surf ace is an 
occluded region comprising stenotic material. 

43 V A method as in claim 42, further 
10 comprlsiSi# advancing the ^catheter through thd dccluded 

region to form an enlarged opening in the stenotic 
material. 

44. A method is in claim 43, further 

15 comprising advancing an interventional element into the 

enlarged opening and treating the occlusion with the 
interventional element. 

-*? . 

-"- ?' -r' 

45. A method as ih claim 44 , wherein the S 
20 : * ' iiit^^tionjati el^entr is an expandable bailooh and 

treating comprises expanding the balloon within the 
enlarged opening. 
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